Abstract. In the present study, we investigated the neuroprotective effects of Kangen-karyu (KGK) in a repeated cerebral ischemia model (2 × 10 min, 1-h interval). A 21-day pre-and postischemic treatment with KGK (10 -300 mg/kg) and aspirin (5 mg/ kg) improved the spatial memory impairment and neuronal death in the hippocampal CA1 region induced by repeated cerebral ischemia. However, a 7-day post-ischemic treatment with KGK did not attenuate the spatial memory impairment and neuronal death in this model. To determine the mechanism of action of KGK, we investigated the effects of a 14-day pre-ischemic treatment with KGK on cerebral blood flow in the hippocampal area of the repeated cerebral ischemia model using laser Doppler flowmetry. The 14-day pre-ischemic treatment with KGK increased the cerebral blood flow during reperfusion. These results suggest that a 21-day pre-and post-ischemic treatment with KGK can protect against brain damage caused by cerebral ischemia by increasing the cerebral blood flow in the hippocampal area.
Introduction
Kangen-karyu (KGK) was developed from the Chinese medicine Guanxin 2hao, which was originally used to treat coronary heart disease in China, and is composed of Salvia miltiorrhiza, Cnidii Rhizoma, Carthamus tinctorius L., Saussurea lappa CLARKE, Paeoniae Radix, and Cyperus rotundus L. In Japan, it is currently used to prevent lifestyle-related diseases, such as hypertension, dizziness, stiff neck, and heart palpitations. Several compounds of KGK are popular for improving cardiovascular events. For example, S. miltiorrhiza is a well-known traditional medicine for treating cardiovascular diseases in Asia, and its aqueous solution was reported to relax the rat coronary artery (1) . C. tinctorius L. improves peripheral vascular disease as a Chinese traditional medicine. Hydroxysafflor yellow A, the main component of C. tinctorius L., was reported to reduce blood viscosity and thereby improve focal cerebral ischemia (2) . Paeoniae Radix is a crude drug that was found to improve blood flow in Asia and Europe, and it was also reported to relax the isolated rat thoracic aorta (3) . Cnidii Rhizoma was reported to decrease pig atrial contraction and slightly increase the beat rates of isolated atria (4) . Taken together, these pieces of evidence suggest that KGK may increase cerebral blood flow.
The KGK extract has been reported to inhibit the generation of nitric oxide, superoxide, and hydroxyl radicals; enhance the activities of the antioxidative superoxide dismutase enzymes in hepatic tissues; and reduce the hepatic lipid peroxidation level that increased with aging in senescence-accelerated mice (5) . KGK was also reported to increase cell viability and prolong lifespan in H 2 O 2 -induced human diploid fibroblasts (6) . These results suggest that KGK can improve blood circulation and increase antioxidant activities, indicating that it may provide benefits for cerebral ischemia.
In the present study, we used a stroke model developed on the basis of the model generated by Pulsinelli and Brierley (7), which was designated the repeated cerebral ischemia model. In this model, we previously found a correlation between spatial memory impairment and hippocampal CA1 neuronal death, which were induced by two 10-min periods of cerebral ischemia with an interval of 1 h (8, 9) . Changes in the GluR2 (AMPAreceptor subunit) mRNA level and bcl family expression in the hippocampus following ischemia-reperfusion are thought to be related to the appearance of TUNELpositive cells in the CA1 region (10, 11) . It is well known that cerebral blood flow exhibits a physiologic relationship with cerebral oxygen metabolism. In either global or focal cerebral ischemia, cerebral blood flow is significantly reduced in the brain regions that are supplied with oxygen by the occluded vessel. Choto-san, a traditional Chinese medicine, was reported to improve cerebral blood flow, prevent the occurrence of stroke, and prolong lifespan in stroke-prone spontaneously hypertensive rats (12, 13) . We previously showed that nilvadipine, a calcium-channel blocker that increases cerebral blood flow (14) , improved the spatial memory impairment and neuronal apoptosis in the repeated cerebral ischemia model (15) . In the present study, we studied the effects of KGK on the spatial memory impairment and neuronal damage in the hippocampal CA1 region induced by repeated cerebral ischemia in rats. To investigate the mechanism of action of KGK, we also investigated its effects on cerebral blood flow in the hippocampal area in the repeated cerebral ischemia model.
Materials and Methods

Materials
KGK was supplied by ISKRA INDUSTRY CO., LTD. (Tokyo). The KGK extract used in this study comprised 4.5 g of Salvia miltiorrhizae Radix (root of S. miltiorrhiza BUNGE), 2.25 g of Cnidii Rhizoma (rhizome of Cnidium officinale MAKINO), 2.25 g of Carthami Flos (petal of C. tinctorius L.), 2.25 g of Paeoniae Radix (root of Paeonia lactiflora PALLAS), 1.125 g of S. lappa CLARKE root, and 1.125 g of Cyperi Rhizoma (rhizome of C. rotundus L.). These herbs were extracted with 25 volumes of water at 100°C for 1 h. After filtration, the solution was evaporated under reduced pressure to give an extract with a 44% yield relative to the weight of the starting materials. A three-dimensional HPLC profile of the KGK extract used in the present study is shown in Fig. 1 . Aspirin (Lot. EWL.3355) was purchased from Wako Pure Chemical Industries, Ltd. (Osaka).
Animal and treatments
Male Wistar rats weighing 250 -300 g were obtained from Kyudo Co., Ltd. (Saga). They were housed in groups of 4 to 5 per cage in a temperature-controlled room (23 ± 2°C) with a relative humidity of 60 ± 10% and maintained under a 12-h light-dark cycle. All procedures regarding animal care and use were carried out based on the regulations dictated by the Experimental Animal Care and Use Committee of Fukuoka University. The rats were treated with KGK or aspirin that had been trained in an 8-arm radial maze task and required the spatial memory. For the 21-day pre-and postischemic treatment experiment, KGK or aspirin was orally administered once a day for 13 days. On day 14, the administration was performed at 1 h before the first occlusion, and the administration was continued for a further 7 days. For the 7-day post-ischemic treatment experiment, rats were treated with KGK at 1 h after the first occlusion, and the administration was then continued for a further 6 days. The last administration in both experiments was performed at 1 h before retraining. Distilled water was administered to the control group.
8-Arm radial maze task
Behavioral testing using an 8-arm radial maze task (Neuroscience Co., Tokyo) was conducted as previously reported (16) . The maze consisted of a central platform (24 cm in diameter) with 8 arms that extended radially. Rats were allowed to visit each arm to eat 8 pellets in food cups located near the end of each arm. Each test animal was trained once per day to memorize the apparatus. The performance of the test animals in each trial was assessed using three parameters: number of correct choices in the initial 8 chosen arms, number of errors (defined as choosing arms that had already been visited), and elapsed time before the animal ate all 8 pellets. When the test animals made 7 or 8 correct choices and no more than one error in three successive sessions, they were deemed to have memorized the maze. In other words, the rats had acquired spatial memory of the 8-arm radial maze. The rats were then treated with KGK or underwent the cerebral ischemia treatment. The improvement of spatial memory impairment has been defined as when two parameters, correct choices and errors, were significantly affected simultaneously, that is, correct choices significantly increased and errors significantly decreased.
Cerebral ischemia treatment
Animals that had acquired spatial memory were subjected to cerebral ischemia according to our previous report (17) . Briefly, rats were anesthetized with sodium pentobarbital (50 mg/ kg, i.p.) and immobilized in a stereotaxic apparatus (Type SR-6; Narishige Scientific Instrument Laboratories, Tokyo). The bilateral arteries beneath the alar foramina of the first vertebra were electrocoagulated using a bipolar coagulator (MICRO-3D; Mizuho Industrial Co., Tokyo), followed by bilateral exposure of both common carotid arteries by application of a hydraulic pressure vascular occluder (OC; diameter, 1.5 mm; Technical Supply Co., Osaka) to each artery. On the following day, the common carotid arteries were compressed using the occluders operated by means of water-filled syringes, and cerebral circulation was interrupted for 10 min. This was carried out twice at an interval of 1 h. Rats that did not demonstrate loss of their righting reflex during arterial occlusion were excluded from subsequent experiments. Sham-operated control rats underwent cauterization of the vertebral arteries and were fitted with occluders.
Histologic examination
Rats were sacrificed after the behavioral test by deep anesthetization with pentobarbital (50 mg/kg, i.p.) and transcardial perfusion with cold heparinized saline, followed by perfusion of 4% paraformaldehyde. The brains were then removed and postfixed overnight in paraformaldehyde, before being dehydrated and embedded in paraffin. Representative coronal sections (5-μm-thick), including the dorsal hippocampus, were obtained using a rotary microtome and stained with hematoxylin and eosin (HE). Microscopic examination of the neuronal density of the CA1 region was carried out to detect neuronal damage in the hippocampus.
Measurement of cerebral blood flow
Hippocampal blood flow was measured using laser Doppler flowmetry (TBF-LC1; Unique Medical, Tokyo). A laser Doppler flowmetry probe (needle type, ON97-066; tip diameter, 500 μm) was inserted into the left dorsal hippocampus (A: -3.8, L: 2.0, V: 2.0). Hippocampal blood flow was expressed as a percentage relative to the mean baseline blood flow set as 100%.
Statistical analyses
Results are expressed as means ± S.E.M. Data from the behavioral tests and counts of CA1 pyramidal neurons were analyzed using the Mann-Whitney U test. Blood flow data were evaluated by one-way ANOVA followed by Dunnett's post-hoc test. The criterion for statistical significance was considered to be P<0.05.
Results
Effects of KGK on spatial memory impairment in the 8-arm maze
As shown in Fig. 2 , rats subjected to repeated cerebral ischemia (vehicle-treated group) exhibited a significantly decreased number of correct choices and increased number of errors (correct choices and errors, P<0.001). Low doses of aspirin are seen as an effective medical intervention for acute myocardial infarction and prevention of secondary stroke in the clinic (18) . Therefore, aspirin was used as the positive control in this experiment. Pre-and post-ischemic treatment with KGK (10 -300 mg/kg for 21 days) or aspirin (5 mg/ kg) significantly decreased the spatial memory impairment induced by repeated ischemia during the 8-arm radial maze test (correct choices and errors, P<0.05, P<0.01, and P<0.001). In contrast, post-ischemic treatment with KGK (100 -300 mg/kg for 7 days) did not decrease the spatial memory impairment induced by repeated cerebral ischemia (Fig. 3) .
Effects of KGK on neuronal death in the hippocampal CA1 area
HE staining revealed pyknosis, eosinophilia, karyorrhexis, and chromosome condensation in the CA1 pyramidal neurons of the vehicle-treated repeated ischemia group compared to the sham group. Repeated cerebral ischemia induced cell death among the hippocampal CA1 pyramidal neurons (P<0.001, Fig. 4 ). Pre- and post-ischemic treatment with KGK (10 -300 mg /kg for 21 days) or aspirin (5 mg/kg) significantly suppressed the neuronal death (P<0.05, Fig. 4) , whereas the 7-day post-ischemic treatment with KGK failed to prevent cell death in this area (Fig. 5) .
Effects of KGK on cerebral blood flow
A single treatment with KGK (100 mg/kg) did not affect hippocampal blood flow in the cerebral ischemia model (Fig. 6) . In contrast, a 14-day pre-ischemic treatment with KGK (30, 100 mg/kg) significantly increased the blood flow in the hippocampal region after the first occlusion (Fig. 7) .
Discussion
The present study has demonstrated that the 21-day pre-and post-ischemic treatment with KGK and aspirin significantly prevented the spatial memory impairment and neuronal death in the hippocampal CA1 area in rats subjected to repeated cerebral ischemia, whereas a 7-day post-ischemic treatment with KGK did not. Furthermore, the 14-day pre-ischemic treatment with KGK increased the blood flow in the hippocampal area during reperfusion. These results suggest that pre-ischemic administration of KGK prevents the spatial memory impairment and neuronal death induced by repeated cerebral ischemia by increasing the cerebral blood flow.
In the 8-arm radial maze (Fig. 2) , the numbers of correct choices were the highest at a dose of 100 mg/kg of all doses used, although the numbers of error were the lowest at a dose of 10 mg/kg. In addition, in the hippocampal CA1 region, the numbers of surviving cells Fig. 5 . Effects of a 7-day post-ischemic treatment with KGK on repeated cerebral ischemia-induced cell death in the hippocampal CA1 region. Surviving cells in the CA1 region of the hippocampus were expressed as the cell number /mm. ***P<0.001 vs. the sham group (Mann-Whitney U test). The numbers of rats examined were 8 -11. Fig. 6 . Effects of a single treatment with KGK on hippocampal blood flow in rats subjected to repeated cerebral ischemia. In this experiment, KGK was administered (100 mg /kg, p.o.) once before the first occlusion. The mean value from −30 to 0 min was defined as 100%, and the other values were expressed as percentages relative to the pre-ischemic level. The numbers of rats examined were 4 -5. Fig. 7 . Effects of a 14-day pre-ischemic treatment with KGK on hippocampal blood flow in rats subjected to repeated cerebral ischemia. In this experiment, KGK was administered for 13 days before ischemia. On day 14, KGK was administered at 1 h before the first occlusion. The mean value from −30 to 0 min was defined as 100%, and the other values were expressed as percentages relative to the pre-ischemic level. The number of rats examined was 4 -5. *P<0.05, **P<0.01, ***P<0.001 vs. the sham group (Dunnett's post-hoc test).
were the highest at a dose of 100 mg/kg. Therefore we examined the post-ischemic treatment of 100 mg/ kg KGK on memory impairment, neuronal death, and cerebral blood flow. The 7-day post-ischemic treatment with KGK did not ameliorate either the spatial memory impairment or neuronal death in the hippocampal CA1 area. A single treatment with KGK did not change the blood flow in the hippocampal area during reperfusion in the cerebral blood flow experiments, but the 14-day treatment with KGK significantly increased the blood flow in the repeated cerebral ischemia model. It is thought that the neuroprotective mechanism of KGK is related to the ischemic cerebral blood flow. In fact, many papers reported that L-arginine, an NO donor, reduced the infarction area and elevated the functional recovery by increasing the cerebral blood flow (19, 20) . A mild hypertension and blood flow increasing were reported to decrease the amount of cerebral ischemic injury after cerebral ischemia (21) , and pharmacological blood pressure augmentation and blood flow restoration treatment were used for the acute phase treatment after ischemia in the clinic (22, 23) . These results suggested that the neuroprotective mechanism of KGK was related to the ischemic cerebral blood flow.
Oxidative free radicals are known to increase during reperfusion after ischemia. The presence of oxidative free radicals during reperfusion after cerebral ischemia is regarded as one of the main risk factors for neuronal damage. It had been determined that KGK extracts protected against cellular senescence by inhibiting reactive oxygen species generation and regulating the antioxidantive status through 10-week treatment (100 mg /kg) in senescence-accelerated mice (5) and inhibited lipid peroxidation against hypercholesterolemia (24) . Many studies have reported that S. miltiorrhiza, C. tinctorius, and Paeoniae Radix can scavenge oxidative free radicals both in vivo and in vitro (25 -27) . We further showed that S. miltiorrhiza, C. tinctorius, and Paeoniae Radix had strong free radical-scavenging activities for 1,1-diphenyl-2-picrylhydrazyl radicals in vitro (data not shown). Therefore, the neuroprotective mechanism of KGK in the repeated ischemia model may be related to its effects of increasing the cerebral blood flow and scavenging oxidative free radicals.
As described above, KGK is comprised of six herbs at ratios of 4:2:2:2:1:1 and the largest component is S. miltiorrhiza. According to traditional Chinese medicine theory, S. miltiorrhiza is considered to be the most important component of KGK. Cryptotanshinone, a component of S. miltiorrhiza, has been reported to induce a concentration-dependent increase in endothelial nitric oxide synthase (eNOS) expression without significantly changing neuronal nitric oxide synthase (nNOS) expression in human umbilical vein endothelial cells (28) . Cryptotanshinone and tanshinone IIA from S. miltiorrhiza were shown to have dilatory effects on the rat coronary artery (29) . Tanshinone IIA was also found to suppress human aortic smooth muscle cell migration and matrix metalloproteinase-9 activity by inhibiting the activities of the PI-3K /AKT and ERK1/ 2 signal pathways (30) . A P. lactiflora extract was reported to relax prostaglandin F2α-precontracted aortic ring preparations from isolated rat aorta with the endothelium (31) . It was also reported that ligustilide, cnidilide, and senkyunolide from C. officinale MAKINO can relax the centrally acting muscle in the crossed extensor reflex in anesthetized rats (32) . Taking all the observations together, the neuroprotective mechanism of KGK is considered to involve an increase in the cerebral blood flow through the vasorelaxation effect and scavenging of oxidative free radicals during reperfusion in the repeated cerebral ischemia model.
In conclusion, we have shown that a 21-day pre-and post-ischemic treatment with KGK and aspirin decreased the spatial memory impairment and neuronal death in the hippocampal CA1 area induced by repeated cerebral ischemia in rats. This neuroprotective mechanism of KGK may be related to an increase in the blood flow in the hippocampal area.
